The energy level alignment at the CH 3 NH 3 PbI 3 /copper phthalocyanine (CuPc) interface is investigated by X-ray photoelectron spectroscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS). XPS reveal a 0.3 eV downward band bending in the CuPc film. UPS validate this finding and further reveal negligible interfacial dipole formation -verifying the viability of vacuum level alignment. The highest occupied molecular orbital of CuPc is found to be closer to the Fermi level than the valance band maximum of CH 3 Methylammonium lead halide (CH 3 NH 3 PbX 3 , X = I, Br, and Cl), which is also termed perovskite in short based on its crystal structure, have recently attracted extensive attention among the solar cell communities. Most recently, these perovskite solar cells have demonstrated record power conversion efficiencies (PCEs) of 19.3%, 1 up from a mere 3.8% 2 five years back. This is by far the best performing solar cell configuration among the other 3rd generation emerging solar cells technologies and is closing onto the performance values of Si-based solar cells. Inspired by the remarkable performance of organic-inorganic perovskite, there have been substantial efforts devoted to understanding the fundamental properties of these materials. Examples of their unique properties include: its large absorption coefficient ∼10 4 cm −1 , which is one order of magnitude larger than the N719 dye; 3 its long carrier diffusion length at least 100 nm in CH 3 NH 3 PbI 3 4 and can be as long as ∼1 μm in CH 3 NH 3 PbI 3-x Cl x , 5 which is a few orders larger than typical solution-processed materials; and its low exciton binding energy (50 meV or less). 6, 7 All these properties rationalize the excellent performance of perovskite based solar cells.
Despite the inroads made in understanding the fundamental properties of perovskite solar cells, the interfacial energetics of organic-inorganic perovskite with other functional layers are still not well-studied. 8 Currently, most works simply assume flat band conditions with neither band bending nor interfacial states or interfacial dipoles when considering the band alignments of perovskite with other functional layers.
9-11 However, such simple vacuum level alignment and flat band assumption may not hold true for real interfaces and could lead to misguided interpretation. For example, a Authors to whom correspondence should be addressed. Electronic addresses: Alfred@ntu.edu.sg and Tzechien@ntu.edu.sg 2166-532X/2014/2(8)/081512/7 © Author(s) 2014 2, 081512-1 the presence of band bending at the interface would either be beneficial or detrimental to charge transport and affect the resulting device performance; while the presence of interfacial states resulting from interfacial chemical bonding may function as traps for charge carriers and become a loss channel; 12 and the presence of interfacial dipoles would alter the relative positions of the occupied and unoccupied states, and function as electron or hole transfer barriers. Hence, it is of paramount importance that we gain a clear understanding of the interfacial electronic band structure. Recently, a study of 2,2 ,7,7 -tetrakis-(N,N -di-p-methoxyphenyl-amine)-9,9 -spirobifluorene (Spiro-OMeTAD) perovskite interface revealed the absence of interfacial dipoles but the existence of a downward band bending of 0.3 eV in the Spiro-OMeTAD layer 13 that potentially would impede the hole extraction at the interface. With increasing maturity of the perovskite solar cell field, further improvements to the device performances is expected to be increasingly challenging. Therefore, careful interfacial engineering to improve the charge transfer efficiency may hold the key to unleashing the full potential of perovskite solar cells.
In this work, we examine the electronic structure and energy level alignment at the CH 3 NH 3 PbI 3 /copper phthalocyanine (CuPc) interface using X-ray photoelectron spectroscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS). Apart from the solution process approach, perovskites can also be prepared by the vapor deposition method, with high efficiency (15% 14 ). This opens up the possibility of utilizing an all-evaporated approach similar to that employed small molecule organic solar cells. Here we propose to use CuPc molecules which serve as a prototypical evaporated semiconductor to assess the suitability of CuPc molecules from the energetics point of view. The phthalocyanine family of molecules allow for a wide range of energy level modifications for solar cell applications. CuPc attracts our attention because of its outstanding electronic properties and stability. Furthermore, this molecule has been extensively investigated for a broad range of applications in organic solar cells, 15 organic light emitting diodes, 16 and even organic field effect transistors. 17, 18 Our XPS measurements reveal a 0.3 eV downward band bending (away from the interface) in CuPc at 36 nm as validated by UPS measurements. Furthermore, the absence of interfacial dipoles at the CuPc/CH 3 NH 3 PbI 3 interface verifies the validity of utilizing the vacuum level alignment approach for analysis at this interface. In addition, the challenges in preparing such organic-inorganic perovskites for ultra-high vacuum (UHV) studies are also highlighted.
The perovskite samples are prepared by the typical sequential deposition of PbI 2 and CH 3 NH 3 I into mesoporous TiO 2 substrate. 19 The details of perovskite preparation can be found in Ref. 20 . Following which, extreme care was taken when transferring the CH 3 NH 3 PbI 3 sample from the glove box to the XPS analysis chamber to ensure no ambient contact with the sample. To obtain reliable data in this surface sensitive study, it is extremely important to maintain the CH 3 NH 3 PbI 3 surface as pristine as it is prepared, because exposure to the ambient environment will result in decomposition of CH 3 NH 3 PbI 3 to PbI 2 and can affect the XPS analysis. Unlike typical inorganic semiconductor or metal surfaces, the organic groups in perovskite would not allow any form of UHV cleaning. Heating or sputtering of the perovskite under UHV will transform the CH 3 NH 3 PbI 3 surface into PbI 2 . 21 To this end, a homemade portable vacuum compatible transfer chamber (complete with gate valve) was used to seal the sample directly in the glove box under N 2 environment. It was then connected to the load-lock of the XPS analysis chambers for transfer, while under a vacuum better than 4 × 10
torr. Despite all these measures, our CH 3 NH 3 PbI 3 sample surface inevitably still has a small amount of contaminants like oxygen and carbon from the preparation and glove box. Nonetheless, these measures taken would ensure that the perovskite surface truly reflects a more realistic situation in a practical device.
XPS and UPS measurements are performed on the samples in a home-built UHV multi-chamber system with base pressure better than 1 × 10 −9 torr. The XPS source is monochromatic Al K α with photon energy at 1486.7 eV. The UPS source is from a helium discharge lamp (hν = 21.2 eV). The photoelectrons are measured by an electron analyzer (Omicron EA125). The CuPc molecules are from Sigma-Aldrich with purity >99% (sublimation grade). The evaporation of CuPc is done in the growth chamber at the pressure better than 5 × 10 −9 torr. A Knudsen cell is used to maintain a slow and repeatable growth rate around 2-5 Å/min monitored by a quartz crystal microbalance (QCM) before and after each growth step and further calibrated using XPS attenuation. Figure 1 shows the XPS widescans of pristine perovskite and the sequential CuPc deposition. Oxygen presence and adventitious carbon signals in the pristine perovskite are barely observable, indicating our measures taken to avoid air contact have been successful in minimizing surface contamination of the samples. Furthermore, the atomic ratio of nitrogen and lead in surface equals to 0.95 -indicating that the surface organic components of CH 3 NH 3 PbI 3 are still intact and there is minimal PbI 2 formation at the surface. Although CH 3 NH 3 PbI 3 is prepared together with mesoporous TiO 2 as the scaffold, no Ti 2p peak can be found in widescans, confirming that the surface is purely CH 3 NH 3 PbI 3 .
Figures 2(a) and 2(b) show the spectra for I 3d and Pb 4f. I 3d5/2 and Pb 4f7/2 peaks are located at 619.55 eV and 138.75 eV, respectively. Both these elements are only present in perovskite, so any potential peak shift will be a good marker of perovskite band bending upon CuPc deposition. We note the absence of any significant broadening of the I 3d and Pb 4f peaks, which rule out any possibility of substrate band bending or interfacial chemical shifts within our detection limits.
This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://aplmaterials.aip.org/about/rights_and_permissions Downloaded to Careful examination of these two elements suggests no apparent binding energy shift -therefore proving the absence of any band bending of the CH 3 NH 3 PbI 3 after CuPc deposition. The thickness of CuPc film can be estimated from the signal attenuation of the I 3d or Pb 4f peaks. However, when CuPc film thickness increases to beyond a few nanometers, the film thickness estimated by XPS begins to deviate from that measured by the QCM. For instance, both elements are still detectable after 36 nm of CuPc film (as indicated by the QCM). This is obviously incorrect as the electron inelastic mean free path of CuPc layer is only around 2 nm. The thickness ratio (QCM:XPS) between the two methods is shown in Figure 2 (d). Up to the first five nanometers, the ratio is close to 1. Beyond 5 nm, the ratio begins to deviate from unity. Such deviation implies that the growth mode of CuPc on perovskite is probably layer-by-layer at the beginning but changes to island growth after a certain critical thickness. This growth phenomenon resembles the Stranski-Krastanov growth mode. The core level shift of the elements found in CuPc is quite different from that of CH 3 NH 3 PbI 3 . The CuPc related elemental spectra (N 1s, C 1s, and Cu 2p) are shown in Figure 3 . Although N 1s and C 1s are also present in pristine perovskite surface, the binding energy of these peaks are different from those in CuPc. In N 1s spectra, the peak from CH 3 NH 3 PbI 3 is at 402.7 eV and the peak from CuPc is at 399.7 eV. In C 1s spectra, the peaks at 285.3 eV and 286.8 eV in pristine CH 3 NH 3 PbI 3 are attributed to adventitious carbon and carbon in the methylammonium group of CH 3 NH 3 PbI 3 , while the peaks at 285.7 eV, 286.8 eV, and 288.8 eV in 36 nm CuPc film are attributed to aromatic carbon, pyrrole carbon, and its satellite from CuPc, respectively. There is an additional satellite peak at 287.1 eV from aromatic carbon which largely overlaps with pyrrole carbon. The fitting for all four components of C 1s from CuPc is shown in Figure 3 (d) inset and our results are in good agreement with previous reports. [22] [23] [24] The area ratio of [C 1 +C 1sat ]/[C 2 +C 2sat ] which equates to 3.06, which is close to the ideal the atomic ratio of 3 for aromatic carbon to pyrrole carbon. amount of shifts in three elements are shown in Figure 3(d) . The binding energy of N 1s and Cu 2p shifts nearly identical towards higher binding energy side up to 0.3 eV, while the C 1s peak shows an additional offset about 0.1 eV. This is due to the coincidental location of the adventitious carbon and the aromatic carbon, causing an additional 0.1 eV shift of the strongest peak in the carbon 1s spectrum. However, this offset will not affect our conclusion because the thicker CuPc film quickly covers the signal from the adventitious carbon and further shift follows exactly the same trend of other elements. Nonetheless, we conclude that there is a 0.3 eV downward band bending in CuPc film. The thickness-dependent valance band changes and work function shift are measured by UPS. Figure 4 shows the valance band spectra and work function spectra at different CuPc thickness. The valance band maximum (VBM) is determined by linear extrapolation of valance band onset subtracted to the background around Fermi level. As a result, VBM of pristine CH 3 NH 3 PbI 3 is at 1.52 eV below the Fermi level, in good agreement with previous reports. 9, 10, 25 After CuPc deposition, the HOMO leading edge of CuPc is at 0.96 eV below Fermi level. This onset gradually shifts towards the lower binding energy side up to 1.32 eV -again indicating a band bending in CuPc layer. The work function of the sample also shows a similar shift towards smaller values. The pristine perovskite shows a work function at 4.00 eV, which is the same as that in a previous report. 13 After CuPc deposition, the work function gradually shifts to 3.72 eV. The shifts of the VB and work function are summarized at the lower panel of Figure 4 . Unlike core level and valance band shifts, the work function shift (less than 0.3 eV) is quickly saturated within 10 nm -likely implying a small reorientation of CuPc molecules at different film thickness. [26] [27] [28] [29] However determination of the orientation of the CuPc molecules is beyond the scope of this paper. Therefore, we will only use the core level and the valance band data to discuss the downward band bending trend in the CuPc film.
From these measurements, the complete energy level alignment at CH 3 NH 3 PbI 3 /CuPc interface is shown in Figure 5 . Before CuPc deposition, the VBM position of pristine perovskite is at 1.52 eV below the Fermi level. Considering the optical bandgap of perovskite is typically around 1.55 eV, the low-lying VBM indicates a strong n-type doping characteristcs. This strong n-type doping of the CH 3 NH 3 PbI 3 surface was already observed in other UPS studies. 9, 25 At the CuPc side, a 0.3 eV downward bending at 36 nm is observed both from the CuPc XPS and UPS spectra. Due to the lower position of CH 3 NH 3 PbI 3 's VBM as compared to CuPc's HOMO level, hole transfer from perovskite to CuPc is energetically favorable. However, the band bending inside the CuPc film may impede the hole transport away from the interface. Although previous measurements assert the magnititude of downward band bending on Spiro-OMeTAD/CH 3 NH 3 PbI 3 to 0.3 eV, the actual band bending in Spiro-OMeTAD is probably larger as the UPS measurements did not show any abatement at the measured maximum thickness of 8 nm. In contrast, CuPc's band bending at 8 nm is only 0.1-0.2 eV. Therefore, in this respect, CuPc is superior to Spiro-OMeTAD for hole extraction. Obviously, for optimal hole extraction, an upward band bending with suitable energy level alignment is preferred. As demonstrated in a previous paper, 30 the direction of band bending can be tuned by proper doping of materials.
After constructing the energy level alignment diagram, we proceed to estimate the strength of interface dipole at perovskite/CuPc interface using the following equation:
where the ionization energy of E ion (CuPc) and E ion (CH 3 NH 3 PbI 3 ) equals to 5.04 eV and 5.52 eV, repectively, and the VBM energy difference at the interface H cutoff equals to −0.5 eV. The small value of −0.02 eV determined from the above shows that the interface dipole at CH 3 NH 3 PbI 3 /CuPc interface can be neglected. We conclude that the CuPc on CH 3 NH 3 PbI 3 shows no strong interfacial dipole formation and can be regarded as vacuum level aligned. In summary, the energetics at the perovskite/CuPc interface is studied by comprehensive XPS and UPS measurements. XPS measurement reveals a consistent core level shift from CuPc related elemental peaks. UPS further proves this shift in the VB and work function measurements. A 0.3 eV downward band bending in CuPc layer at 36 nm is observed. As the strength of the interface dipole is negligibly small, the interfacial energy alignment is basically via the vacuum level. No strong interfacial dipole formation is observed. Although the hole transfer from perovskite to CuPc is energetically favourable, the band bending may impede the subsequent hole diffusion away from the interface. 
